Introduction
An essential virulence factor of all pathogenic serovars of Salmonella enterica is their ability to gain access to nonphagocytic cells. This property is mediated by a specialized protein secretion system, termed type III, that is encoded within a pathogenicity island (SPI-1) located at centisome 63 of the bacterial chromosome (Gala Ân, 1996) . This protein secretion system directs the secretion and translocation of several bacterial effector proteins into the host cell, including an exchange factor for Rho GTPases (Hardt et al., 1998a,b) , a tyrosine phosphatase Fu and Gala Â n, 1998) , an inositol phosphate phosphatase (Norris et al., 1998) and an actin-binding protein (Zhou et al., 1999a) . The concerted action of these bacterial effectors results in signalling events that lead to cytoskeleton rearrangements, macropinocytosis and subsequent bacterial uptake into a membrane-bound compartment in host cells (Gala Â n, 1998) .
The ability of S. enterica to enter into host cells is subject to very complex regulation. The regulatory mechanisms involve the function of several speci®c regulatory proteins as well as established global regulation pathways (Gala Â n, 1996; Hueck, 1998) . A number of environmental cues, such as osmolarity, growth phase and oxygen tension, have been shown to in¯uence the expression of the components of the invasion-associated type III secretion system (Ernst et al., 1990; Gala Â n and Curtiss, 1990; Lee and Falkow, 1990; Schiemann and Shope, 1991; Tartera and Metcalf, 1993; Bajaj et al., 1995) . Although it is not known how these environmental cues affect invasion gene expression, changes in the degree of DNA superhelicity as a consequence of these stimuli may play a signi®cant role in this process (Gala Â n and Curtiss, 1990) . Post-transcriptional mechanisms have also been shown to be involved in the regulation of the centisome 63 type III secretion system. For example, contact of S. enterica serovar typhimurium (S. typhimurium ) with host cells results in the stimulation of the secretion of effector proteins through the invasionassociated type III system (Ginocchio et al., 1994; Zierler and Gala Â n, 1995) . This process does not require de novo protein synthesis, as the addition of chloramphenicol does not prevent contact-stimulated secretion (Ginocchio et al., 1994; Zierler and Galan, 1995) .
Two regulatory proteins, HilA and InvF, encoded within the centisome 63 pathogenicity island, have been shown to be directly involved in the transcriptional regulation of the invasion-associated type III secretion system (Kaniga et al., 1994; Bajaj et al., 1995) . InvF is homologous to the AraC family of transcriptional regulators (Kaniga et al., 1994) , whereas HilA shares amino acid sequence similarity with the DNA-binding domain of the OmpR/ToxR transcriptional regulatory family of proteins (Bajaj et al., 1995) . HilA activates the transcription of components of the SPI-1 type III secretion apparatus, whereas the expression of effector proteins is regulated differentially by both InvF and HilA (Eichelberg and Gala Â n, 1999) . The speci®c environmental signals that modulate the activity of these two regulatory proteins are unknown. In addition to the speci®c regulators, expression of the invasion-associated type III secretion system is indirectly in¯uenced by a number of global regulatory networks, such as that controlled by the PhoP/PhoQ two-component system (Behlau and Miller, 1993; Pegues et al., 1995) , the¯agella-associated sigma factor FliA (s 28 ) (Eichelberg et al., 1995) and the UvrY (SirA) response regulator system (Johnston et al., 1996; Ahmer et al., 1999) .
In this paper, we describe the identi®cation of SprA and SprB (Salmonella pathogenicity island 1-encoded regulator), two additional transcriptional regulatory proteins encoded in SPI-1. The introduction of loss-of-function mutations in either sprA or sprB did not signi®cantly affect the transcription of genes associated with the SPI-1 type III secretion system. However, constitutive expression of SprA resulted in increased expression of genes encoding components and targets of this system and an increased ability of S. typhimurium to enter host cells. We propose that SprA acts upstream and/or at the same level as HilA in the regulatory cascade of invasion gene regulation.
Results
Identi®cation of two putative regulatory proteins encoded in the centisome 63 pathogenicity island As part of our ongoing efforts to characterize the centisome 63 pathogenicity island of S. typhimurium, we determined the nucleotide sequence of a 3 kb region between orgA and avrA (Fig. 1) . We identi®ed two open reading frames (ORFs) capable of encoding polypeptides of 295 and 251 amino acids with sequence similarities to putative transcriptional regulatory proteins (see below). Therefore, we have named these proteins SprA (Salmonella pathogenicity island-1-encoded regulator) and SprB. Both sprA and sprB are oriented in the same transcriptional direction, although they may reside in different transcriptional units, as they are separated by 384 apparently untranslated nucleotides. Putative canonical ribosome binding sites were identi®ed 4 bp and 5 bp upstream of the postulated translation initiation codon of sprA and sprB respectively. Consistent with the nucleotide composition of the rest of the pathogenicity island, the GC content of these ORFs is signi®cantly lower (37% and 43% for sprA and sprB respectively) than that of the rest of the Salmonella chromosome (54%).
Comparison of the translated nucleotide sequences of sprA with sequences in GenBank determined that SprA exhibited sequence similarity to a large number of bacterial transcriptional regulators of the AraC/XylS family of proteins (Gallegos et al., 1997) . The overall similarity of SprA to members of this family ranges from 51.7% to 49.2%, and the overall sequence identity from 28.6% to 21.4%. Consistent with these homologies, a motif search for SprA using the PROSITE database indicated the presence of an AraC family signature (amino acids 244±285). Members of this family of proteins, exempli®ed by AraC, are composed of an N-terminal half, which contains the dimerization and effector binding/regulatory domain, and a C-terminal half, which contains two potential helix±turn±helix DNAbinding and transcriptional activation domains (Bustos and Schleif, 1993) . A multiple alignment of the polypeptide sequences of proteins, which displayed a high similarity score to SprA in the BLAST search, is shown in the form of a phylogram in Fig. 2A . A subset of these transcriptional regulatory proteins (AggR, FapR, VirF, BfpT, ToxT and SprA) appears to be closely related to each other phylogenetically ( Fig. 2A) . Interestingly, proteins in this subgroup share the property of being transcriptional activators of surface proteins and/or supramolecular structures involved in the virulence of several enteric pathogens (Gallegos et al., 1997) .
SprB exhibits signi®cant homology to bacterial regulatory proteins carrying the LuxR/UhpA helix±turn±helix (HTH) family signature (Fuqua et al., 1996) (Fig. 2B) . A summary of these homologies is shown in Table 1 . The DNA-binding motif is located in the C-terminal end of these proteins, which can be grouped in two different subclasses based on the mechanism by which they are activated. One subclass of the HTH-LuxR family is response regulators of two-component systems, such as NwsB of Bradyrhizobium japonicum (Grob et al., 1993) and VsrD of Burkholderia solanacearum (Huang et al., 1995) . Both these proteins function together with their cognate sensor kinase NwsA and VsrA respectively. They are both derived from phytopathogens and are involved in the regulation of virulence factors, such as the nodulation phenotype of legume host plants or exopolysaccharide synthesis respectively. The second subclass of HTH-LuxR regulators is activated when bound to an autoinducer molecule, a homoserine lactone derivative that is produced by the microorganisms themselves. However, there is neither a potential sensor kinase gene nor an autoinducer synthetase gene encoded within the centisome 63 pathogenicity island of S. typhimurium.
Effect of loss-of-function mutations in sprA and sprB on the ability of S. typhimurium to enter cultured epithelial cells A large number of genes encoded at centisome 63 of the Salmonella chromosome are essential for Salmonella spp. to enter host cells (Gala Â n, 1996) . We therefore examined the effect of loss-of-function mutations in sprA and sprB on the level of S. typhimurium entry into cultured epithelial cells. Non-polar insertion mutations in either sprA or sprB were introduced into wild-type S. typhimurium, and the resulting strains were examined for their ability to induce actin cytoskeleton rearrangements and to gain access to cultured intestinal epithelial cells. The introduction of these mutations had no signi®cant effect on these phenotypes (Fig. 3) .
Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 139±152 Fig. 1 . Genetic organization of the sprA and sprB loci. The relative position of the sprAB genes (shaded boxes) is shown within SPI-1 at centisome 63 of the Salmonella chromosome. Partial restriction endonuclease maps of the inserts of relevant plasmids used in this study with horizontal arrows indicating the direction of transcription and vertical arrows indicating the site of insertion of the aminoglycoside 38-phosphotransferase (aphT ) cassette or the catechol 2,3 dioxygenase (xylE ) cassette, respectively, as indicated by a triangle. The eightamino-acid insertion at the Nru I site in the second HTH domain of the sprA ORF is pointed out by a small black box. Relevant restriction sites are represented by capital letters: BI, Bsa BI; BII, Bgl II; E, EcoRI; H, HindIII; P, Pvu II. The sequence identity and similarity between SprB and the listed proteins was determined using the program BESTFIT from the Genetics Computer Group package from the University of Wisconsin (version 9.1).
Effect of a sprA and sprB on the expression of type III secreted proteins encoded inside and outside of SPI-1 S. typhimurium is capable of delivering a number of effector proteins into the host cell cytoplasm through the function of the centisome 63 type III secretion machinery. These effectors are involved in stimulating a number of cellular responses, which include actin cytoskeleton rearrangements resulting in bacterial uptake, the stimulation of chloride secretion (Norris et al., 1998) , the initiation of programmed cell death in macrophages (Chen et al., 1996; Monack et al., 1996) and the stimulation of nuclear responses leading to cytokine production in intestinal epithelial cells (Hobbie et al., 1997) . Although all the components of the type III secretion apparatus are encoded within SPI-1, at least three substrates of this system are encoded outside the centisome 63 pathogenicity island (Hardt et al., 1998b; Jones et al., 1998; Wood et al., 1998 (Sneath and Sokal, 1973) using only the 95-aminoacid AraC consensus sequence of each protein (Gallegos et al., 1997) to estimate the evolutionary relationship between these transcriptional regulators (all sequences are from very closely related taxa with an assumed constant rate of substitution). The distance matrix uses a Kimura correction (Kimura, 1980) and a scoring matrix of blosum100. Alignments and phylogeny were generated using the implementation of these methods in the Genetics Computer Group package (version 9.1). B. Multiple sequence alignment of SprB and other members of the LuxR/UhpA family of proteins using CLUSTALW 1.7. VsrD (Burkholderia solanacearum ), UhpA (Escherichia coli ), BvgA (Bordetella pertussis ), NwsB (Bradyrhizobium japonicum ), RcsB (Salmonella typhi ), EpsR (Pseudomonas solanacearum ), SprB (Salmonella typhimurium ). Black boxes denote identical residues, and shaded boxes indicated conserved substitutions. Values represent the percentage of the bacterial inoculum that survives gentamicin treatment and have been standardized to the internalization level of wild-type S. typhimurium, which was considered to be 100% (the actual value in this case was 68.3 6 9.7%). The values represent the mean 6 SD from one representative experiment performed with triplicate samples of three independent determinations.
SPI-1. The location of sprA and sprB within SPI-1 suggests the possibility that these genes may be involved in the regulation of some of the components or substrates of the type III secretion system encoded within this pathogenicity island. The observed lack of effect of insertion mutations in both sprA and sprB on the ability of S. typhimurium to enter into host cells suggested that it would be unlikely that these genes would be involved in the regulation of structural components of the invasion-associated type III secretion system. However, it remained possible that these genes might be involved in the regulation of effectors that are redundant in the mediation of bacterial entry (e.g. SopE or SopB) or effectors that are involved in responses other than membrane ruf¯ing (e.g. AvrA or SptP). We therefore examined the effect of insertion mutations in sprA and sprB on the expression of several substrates of the centisome 63 type III secretion system. Non-polar insertion mutations in the genes encoding SprA and SprB were introduced by P22HTint transduction into strains carrying reporter gene fusions to sipC , sptP , avrA (Hardt and Gala Â n, 1997), sopB (Galyov et al., 1997) or sopE (Wood et al., 1996; Hardt et al., 1998b) , and the activity of the reporter enzymes was measured in the different strains (we have found that reporter gene fusions to lacZ and xylE give equivalent results; (K. Eichelberg and J. E. Gala Â n, unpublished results). As shown in Fig. 4 , mutations in sprA or sprB had little effect on the expression of effector proteins encoded either within or outside the SPI-1. These results indicate that neither sprA nor sprB controls the expression of these genes or, alternatively, they do not exert their effect under these environmental conditions (growth in L broth).
To analyse the role of SprA and SprB further, we determined the effect of constitutive expression of SprA and SprB on the expression of S. typhimurium effector molecules. Plasmids carrying sprA (pSB650) or sprB (pSB666) under the control of an arabinose-inducible promoter (P BAD ) (Guzman et al., 1995) were introduced into strains carrying transcriptional reporter gene fusions to genes encoding components or substrates of the centisome 63 type III secretion system, and gene expression was monitored under arabinose-inducing conditions (®nal arabinose concentration, 0.05%). Constitutive expression of SprA resulted in increased levels of transcription of genes encoding type III secreted proteins encoded either within (sptP ) or outside (sopB ) the centisome 63 pathogenicity island, as well as invA, which encodes a structural component of the type III secretion system (Gala Â n et al., 1992) (Fig. 5) . Increased expression of the invasion-associated genes was the result of a speci®c effect of SprA on these genes, as constitutive expression of SprA did not result in increased expression of a reporter fusion to the sit operon, which encodes an iron uptake system and is also located within the centisome 63 pathogenicity island (Zhou et al., 1999b) (Fig. 5) . Furthermore, expression of a mutant form of SprA carrying a small insertion (24 bp) in its second putative helix±turn±helix (HTH) domain did not result in increased expression of any of the substrates or components of the invasion-associated type III secretion system Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 139±152 5 . Effect of constitutive expression of SprA and SprB on the expression of genes associated with the centisome 63 type III secretion system. Plasmids encoding sprA , sprB or sprA * (which carries a 24 nucleotide insertion within the SprA putative DNA binding site) under the control of the inducible heterologous promoter p araBAD were introduced into isogenic S. typhimurium strains carrying different reporter gene fusions to components, substrates and regulators of the centisome 63 type III secretion system. A strain carrying a reporter gene fusion to the sit locus was included as a control. The sit locus is also located within SPI-1 and encodes an iron uptake system unrelated to the type III secretion system encoded in this island. The levels of transcription of the different reporter gene fusions were measured by assaying catechol 2,3 dioxygenase or b-galactosidase activity in bacterial cell lysates from cultures grown under non-permissive conditions, as indicated in Experimental procedures. The values represent the mean 6 SD from one representative experiment performed with triplicate samples. Equivalent results were obtained in several repetitions of this experiment. tested (Fig. 5) . In contrast to SprA, constitutive expression of SprB did not result in a signi®cant change in the expression of any of the invasion-associated genes (Fig. 5) . Taken together, these results indicate that SprA is a positive regulator of expression of genes encoding substrates and components of the centisome 63 type III secretion system.
Constitutive expression of SprA allows ef®cient entry of S. typhimurium into host cells when grown under non-permissive conditions
The ability of S. typhimurium to enter into host cells is regulated by a number of environmental cues, such as osmolarity, oxygen tension and growth phase (Ernst et al., 1990; Gala Â n and Curtiss, 1990; Lee and Falkow, 1990; Schiemann and Shope, 1991; Tartera and Metcalf, 1993) . Thus, high osmolarity, low oxygen tension or the early stationary phase of growth result in increased Salmonella entry into host cells. Although the molecular bases for these regulatory mechanisms are not well understood, it is likely that changes in the degree of DNA supercoiling as a consequence of these different environmental cues may play an important role (Gala Â n and Curtiss, 1990). In addition, the function of speci®c regulatory proteins, such as HilA (Bajaj et al., 1995) , InvF (Kaniga et al., 1994) and, possibly, SprA or SprB, are likely to be involved in decoding these different environmental signals. Our ®nd-ing that the constitutive expression of SprA resulted in increased expression of a number of invasion-associated genes prompted us to investigate the effect of constitutive expression of SprA and SprB on the ability of S. typhimurium to enter cultured intestinal epithelial cells. Plasmids expressing the SprA and SprB regulatory proteins or the previously characterized invasion gene regulators HilA or InvF under the control of the P BAD promoter were introduced into wild-type S. typhimurium, and the ability of these bacteria to enter into host cells when grown under non-permissive (low osmolarity) conditions was examined as indicated in Experimental procedures. This growth condition and short infection time were chosen to maximize the detection of differences in invasion levels of the different strains, as S. typhimurium grown under permissive (high osmolarity) conditions enter cells with great ef®ciency, thereby precluding the detection of invasion-enhancing effects. Constitutive expression of SprA resulted in a signi®cant increase in the ability of wild-type S. typhimurium to gain access to host cells (Fig. 6) . The increased invasion resulting from the constitutive expression of SprA was higher than that seen by the constitutive expression of HilA (Fig. 6) . In contrast, constitutive expression of either sprB or invF did not result in enhanced invasion (Fig. 6) . These results con®rm the involvement of SprA in invasion gene expression and suggest that this gene functions in a regulatory hierarchy similar to HilA and most probably upstream of InvF.
SprA and SprB respond to the same environmental cues as other type III secretion-associated genes of SPI-1 A number of environmental cues are known to affect the expression of components and substrates of the centisome 63 type III secretion system. Consequently, different culture conditions signi®cantly affect the ability of S. typhimurium to induce membrane ruf¯ing and to invade nonphagocytic cells. How these different environmental cues in¯uence invasion gene expression is poorly understood. Constitutive expression of SprA, but not SprB, signi®cantly increased both invasion gene expression and the ability of S. typhimurium to gain access to host cells when grown under non-permissive conditions. However, insertion mutations in sprA and sprB did not result in signi®cant changes in invasion gene expression under the laboratory conditions used in this study. Given the complexity of invasion gene regulation indicated by the existence of at least four regulatory proteins encoded within the centisome 63 pathogenicity island, it is possible that these different regulators may respond to different cues or may exert their function at different times during the infection cycle or in different environments. Osmolarity has been shown to be an environmental cue that in¯uences both invasion gene expression and the ability of Salmonella to gain access to host cells (Gala Â n and Curtiss, 1990; Tartera and Metcalf, 1993) . We therefore examined the response of the different regulatory proteins encoded within centisome 63 to changes in osmolarity. Reporter gene fusions were Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 139±152 Fig. 6 . Effect of constitutive expression of regulatory proteins of the SPI-1 type III secretion system on the ability of S. typhimurium to enter cultured intestinal Henle-407 cells. Plasmids encoding sprA , sprB, hilA or invF under the control of the inducible heterologous promoter p araBAD were introduced into wild-type S. typhimurium, and the ability of the different strains to enter cultured intestinal Henle-407 cells under non-permissive conditions was measured, as indicated in Experimental procedures, except that infection was for 20 min. Values represent the percentage of the bacterial inoculum that survived gentamicin treatment and have been standardized to the internalization level of wild-type S. typhimurium, which was considered to be 100% (the actual value in this case was 3.88 6 0.11%). The values represent the mean 6 SD from one representative experiment performed with triplicate samples of three independent determinations. constructed by inserting the promoterless and terminatorless xylE gene cassette into the ORFs of the regulatory genes invF, hilA , sprA and sprB. The resulting gene fusions were integrated into the chromosome by allelic exchange to allow the evaluation of their level of expression within their chromosomal context and to avoid artifacts resulting from examining gene expression from plasmidborne gene fusions, a common occurrence in supercoiling-sensitive genes such as those encoded within SPI-1. Strains were grown under low-and high-osmolarity conditions (see Experimental procedures ), and gene expression was monitored by measuring the levels of catechol 2,3 dioxygenase, which is encoded by xylE. Transcription of all the regulatory genes tested was increased when bacteria were grown under high-osmolarity conditions (Fig. 7A) . The degree of osmoinduction of the different regulatory proteins was similar to that of genes encoding either components (invA) or substrates (sipC ) of the type III secretion system (Fig. 7A) . However, high-osmolarity growth conditions did not result in increased transcription of the sit operon, which encodes an iron uptake system unrelated to the type III secretion system but also encoded within the centisome 63 pathogenicity island (Zhou et al., 1999b) (Fig. 7B) . Taken together, these results indicate that all invasion-associated regulatory proteins are capable of responding equally to a regulatory cue such as osmolarity. These results also suggest that SprB may also be involved in the regulation of invasion gene expression.
Functional relationship between SprA and SprB and the SPI-1 regulatory proteins HilA and InvF
The observation that SprA, SprB, HilA and InvF respond to similar cues and regulate the expression of similar invasion-associated proteins suggests that these genes may function in a regulatory cascade. In order to investigate this possibility, we examined the effect of loss-of-function mutations in each of the different regulators on the expression of sprA, sprB, hilA and invF. Non-polar mutations in each of these genes were introduced into strains carrying chromosomally encoded reporter gene fusions to sprA, sprB, hilA and invF. Mutations in invF, sprA or sprB did not signi®cantly affect the level of transcription of hilA , sprA, sprB or invF (Fig. 8A) . The lack of effect of insertion mutations in sprA and sprB on any of the invasion gene regulators of SPI-1 is consistent with their lack of in¯uence on invasion gene expression (see Fig. 3 ). A loss-of-function mutation in hilA reduced the expression of invF by 14-fold, although it had little effect on the expression of sprA and sprB (Fig. 8A) . As the constitutive expression of SprA resulted in increased invasion gene expression and increases bacterial invasion (see Fig. 6 ), we examined the effect of constitutive expression of sprA on the expression of hilA and invF. A plasmid encoding sprA under the control of the P BAD promoter was introduced into a S. typhimurium strain carrying a chromosomally encoded reporter gene fusion to hilA and invF, and the expression of hilA ::xylE and invF::xylE was monitored by measuring the levels of the reporter enzyme. As shown in Fig. 8B , constitutive expression of SprA resulted in a 16-fold increase in the expression of hilA and invF. These results suggest that SprA exerts its regulatory effect upstream or at the level of hilA.
We have shown that HilA and InvF regulate components and substrates of the invasion-associated type III secretion system differentially. HilA is involved in the regulation of components (e.g. invA) and substrates (e.g. sipC, sptP, etc.) of the type III machinery, whereas InvF activates the transcription of genes encoding type III secreted proteins, but not components of the machinery itself (Eichelberg and Gala Â n, 1999) . Furthermore, HilA activates the expression of invF (Bajaj et al., 1995) , but InvF does not in¯uence the expression of hilA (Eichelberg and Gala Ân, 1999) . These ®ndings suggest a regulatory hierarchy in which HilA is upstream of InvF. We were interested in exploring the placement of SprA within this regulatory hierarchy. For this purpose, we examined the effect of SprA on the expression of components (e.g. invA) and substrates (e.g. sptP ) of the type III secretion system when expressed constitutively in a hilA sprA or a hilA invF double mutant background. As shown in Fig. 8C , constitutive expression of SprA in hilA sprA or hilA invF double mutant strains Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 139±152 Fig. 7 . Effect of osmolarity on the expression of sprA and sprB. Strains of S. typhimurium carrying reporter fusions to sprA , sprB and other genes associated with the centisome 63 type III secretion system were grown in L broth in the presence (shaded box) or absence (clear box) of 0.3 M NaCl, and the levels of transcription of the different reporter gene fusions were measured by assaying catechol 2,3 dioxygenase (A) or b-galactosidase (B) in bacterial cell lysates, as indicated in Experimental procedures. The values represent the mean 6 SD from one representative experiment performed with triplicate samples. Equivalent results were obtained in several repetitions of this experiment.
signi®cantly increased the expression of both invA and sptP transcription, indicating that SprA can exert its effect on these genes in a manner that is independent of HilA or InvF. This effect was speci®c, as a constitutive expression of the SprA mutant carrying an eight-amino-acid insertion in its putative second HTH domain had no effect on the expression of either gene. However, constitutive expression of SprA could not restore sopB expression in an invF mutant strain (Fig. 8C) . This is consistent with our previous observation that sopB transcription is directly controlled by InvF and only indirectly (through InvF) controlled by HilA (Eichelberg and Gala Â n, 1999) . Taken together, these results indicate that SprA acts at the same level or upstream of HilA in the SPI-1 gene regulatory cascade (Fig. 9) .
Discussion
Central to Salmonella pathogenesis is the function of a type III secretion system encoded at centisome 63 of the Salmonella chromosome (Gala Â n, 1996) . This system delivers several effector proteins capable of stimulating host cell signal transduction pathways, which result in a variety of cellular responses, such as actin cytoskeleton rearrangements, activation of transcription factors, stimulation of ion channels or, in some cells, the initiation of programmed cell death. The secretion and translocation process is carefully regulated by very complex transcriptional and post-transcriptional mechanisms (Hueck, 1998) . The complexity of the regulatory mechanisms may stem from the spatial and temporal constraints under which the secretion and translocation machinery must exert its function. For example, secretion through the type III machinery requires an activating signal for its function, which is thought to be largely derived from the host cell. This activating mechanism is post-transcriptional, as protein synthesis inhibitors added immediately before contact with cells do not prevent the stimulation of secretion (Ginocchio et al., 1994; Zierler and Galan, 1995) . The lack of requirement of de novo gene expression for the activation of type III secretion is consistent with the observation that responses that are dependent on this system occur immediately after bacteria±host cell contact. In addition to the post-transcriptional regulatory mechanisms resulting from contact with host cells, invasion gene expression is regulated at the transcriptional level by several environmental cues, such as osmolarity, oxygen tension or growth phase (Ernst et al., 1990 ; Gala Â n and Curtiss, 1990; Lee and Falkow, 1990; Schiemann and Shope, 1991; Tartera and Metcalf, 1993; Bajaj et al., 1995) . Although these regulatory mechanisms are poorly understood, they are likely to involve speci®c transcription factors such as HilA and InvF, which are encoded within the centisome 63 pathogenicity island immediately adjacent to the components of the invasion-associated type III secretion system (Kaniga et al., 1994; Bajaj et al., 1995) . Furthermore, in addition to the speci®c regulatory mechanisms and as expected for any complex biological system, expression of the invasion-associated type III secretion system is in¯uenced by several global regulatory networks, such as that of the¯agellar regulatory system (Eichelberg et al., 1995) , the PhoP/PhoQ two-component system (Pegues et al., 1995) and the response regulator UvrY (SirA) (Johnston et al., 1996; Ahmer et al., 1999) .
We have described here the identi®cation and characterization of two novel regulatory proteins, SprA and SprB, which are encoded within the centisome 63 pathogenicity island. SprA and SprB show signi®cant sequence similarity to members of the AraC and LuxR family of transcriptional regulatory proteins. A non-polar mutation in either sprA or sprB did not signi®cantly affect the expression of genes associated with SPI-1 or change the ability of S. typhimurium to enter non-phagocytic cells. However, constitutive expression of sprA from the P BAD promoter increased the transcription of all substrates and components of the centisome 63 type III secretion system. Consistent with this observation, constitutive expression of sprA resulted in a signi®cant increase in the ability of S. typhimurium to gain access to host cells when grown under suboptimal conditions for expression of the invasion-associated type III secretion system. These effects were speci®c for type III secretion genes, as constitutive expression of sprA did not affect the expression of the sit operon, which encodes an iron uptake system and is also located in SPI-1. Furthermore, constitutive expression of an SprA mutant carrying an eight-amino-acid insertion within its predicted second HTH domain did not result in increased invasion gene expression. Therefore, SprA is another transcriptional activator encoded within SPI-1, which, together with HilA and InvF, speci®cally controls the expression of the invasion-associated type III secretion system encoded within SPI-1. During the preparation of this manuscript, we became aware that Schechter et al. (1999) have identi®ed an identical gene to SprA, called HilC, which acts as a derepressor of HilA expression. Our ®ndings indicate that SprA can also control gene expression by mechanisms independent of HilA, as constitutive expression of SprA in a hilA mutant background resulted in a signi®cant increase in SPI-1 gene transcription (Fig. 8) .
Neither loss-of-function mutations nor constitutive expression of SprB resulted in any changes in the transcription of the type III secretion-associated genes tested or in the ability of S. typhimurium to gain access to host cells. Nevertheless, sprB is encoded between genes that encode components or substrates of the centisome 63 type III secretion system, suggesting that SprB is functionally associated with this system. This hypothesis is supported by the observation that SprB expression is in¯uenced by similar environmental cues to those that in¯uence the expression of the type III secretion system. It is possible that SprB regulates as yet unidenti®ed substrates of this system. In fact, it is now clear that this type III secretion system mediates more than just bacterial entry into host cells, and some substrates of this system, such as AvrA, are clearly not implicated in bacterial internalization (Hardt and Gala Â n, 1997) . Thus, the absence of a functional linkage between Q 1999 Blackwell Science Ltd, Molecular Microbiology, 33, 139±152 Fig. 9 . Model of transcriptional regulation of SPI-1-associated genes in Salmonella typhimurium.
SprB and bacterial internalization suggests that SprB may regulate substrates of the centisome 63 type III secretion system that are involved in novel phenotypes mediated by this system. An alternative hypothesis for the function of SprB is that the environmental conditions required for its regulating activity may not be mimicked appropriately by the laboratory growth conditions used in this study. Recently, a new family of genes (luxS ), responsible for the Vibrio harveyi system 2 autoinducer production (AI-2), has been described in S. typhimurium and other Gramnegative bacteria (Surette and Bassler, 1998; . Production of an autoinducer would allow Salmonella to perform quorum sensing in order to control a set of genes that are required under certain population densities or metabolic states, such as the transition from growth outside to growth inside a host. The biochemical nature of AI-2 and genes that are activated in S. typhimurium in response to increasing levels of AI-2 in the media are not known. Quorum sensing mediated by acyl-homoserine lactone-signalling molecules is often executed through the binding of the autoinducer to a transcriptional regulator of the LuxR family (Fuqua et al., 1996) . SprB, which exhibits sequence homology to the LuxR type of regulators, might bind to AI-2 signalling molecules and subsequently exert its transcriptional regulatory effect on SPI-1-associated virulence genes in a quorum-sensing manner.
The centisome 63 type III secretion is the subject of a complex transcriptional regulatory cascade. It has been shown previously that two transcriptional activators, HilA and InvF, act in concert to regulate components and substrates of this type III secretion system differentially (Eichelberg and Gala Â n, 1999) . In this regulatory cascade, HilA controls the expression of InvF and, therefore, is functionally upstream of this gene (Bajaj et al., 1995; Eichelberg and Gala Â n, 1999) . Our results indicate that SprA is integrated in this regulatory cascade, either at the same level or upstream of HilA. This hypothesis is supported by the observation that constitutive expression of SprA in a hilA mutant background resulted in increased transcription of both components (e.g. invA) and substrates (e.g. sptP ) of the invasion-associated type III secretion system. However, constitutive expression of SprA could not restore sopB expression in an invF mutant strain, indicating that the effect of SprA on the expression of some type III secretion genes is indirect and is exerted through downstream regulatory proteins such as InvF.
There are now at least ®ve regulatory proteins encoded within the centisome 63 pathogenicity island that are implicated in the regulation of the SPI-1-associated type III secretion system. Why is there such complexity in these regulatory mechanisms? This indicates that the assembly of this complex machinery may require carefully co-ordinated regulation. Furthermore, it is likely that there are temporal and spatial constraints in the expression of effector substrates of the type III secretion machinery, delivering different effector molecules at different stages of the pathogenic cycle, as they are required. In fact, it has been demonstrated that the expression of effector substrate proteins is regulated differently from the components of the type III secretion machinery (Eichelberg and Gala Â n, 1999) . Thus, differential regulatory mechanisms may allow the delivery of the appropriate effectors at the appropriate time, to the appropriate site and, perhaps, in the appropriate order during infection. Evidence is mounting in support of co-ordinated action of the different effector molecules delivered through this type III secretion system Zhou et al., 1999a) . The functional analysis of these regulatory proteins, particularly in vivo, will help to understand the co-ordinated activities of the different effectors delivered through this type III secretion system.
Experimental procedures
Bacterial strains, cell lines, bacteriophages and culture conditions
The strains used in this study are listed in Table 2 . Bacteria were grown in L broth with (0.3 M) or without sodium chloride (inducing and non-inducing conditions respectively) or L agar plates. When required, the following antibiotics were added at the concentration indicated: ampicillin, 100 mg ml À1 ; chloramphenicol, 30 mg ml À1 ; kanamycin, 50 mg ml À1 ; streptomycin, 100 mg ml À1 ; tetracycline, 12.5 mg ml À1 . Bacteriophage P22 HTint-mediated transduction and bacterial conjugations were carried out as described elsewhere (Kaniga et al., 1994) . Henle-407 cells were grown in Dulbecco's minimal essential medium (DMEM) containing 10% bovine calf serum (BCS).
Plasmid and strain constructions
The plasmid pSB640, which harbours both sprA and sprB genes, was constructed by cloning the 5.2 kb Sal I fragment of pSB851 (Hardt and Gala Â n, 1997) into the Sal I site of pWKS30 in the direction of the lacZ gene. xylE reporter gene fusions to the different genes examined in this study were constructed as follows. The 957 bp Bgl II fragment of pSB383, which contains the xylE reporter gene, was cloned into the unique PmeI site of pSB853 and the SnaBI site of pSB854 (Hardt and Gala Â n, 1997) , yielding plasmids pSB626 and pSB631, which carry operon fusions to sprA and sprB respectively. When required, the Klenow fragment of DNA polymerase was used to create blunt ends in the DNA fragments. Each fusion was then retrieved and cloned into the suicide vector pSB890 (Hardt and Gala Â n, 1997) , resulting in the plasmids pSB628 (sprA±xylE ) and pSB633 (sprB±xylE ). Integration of the fusions into the S. typhimurium chromosome was carried out as described below, yielding the S. typhimurium strains SB585 and SB588 carrying sprA±xylE and sprB±xylE reporter gene fusions respectively. Construction of the non-polar mutations in sprA and sprB was performed as follows. An <900 bp Pst I fragment of pSB315 containing the aphT gene without its transcription terminator (Gala Ân et al., 1992) was cloned into the PmeI site of pSB853 and the SnaBI site of pSB854, yielding plasmids pSB625 and pSB630, which carry non-polar insertions in sprA and sprB respectively. Each mutated gene was retrieved and cloned into the suicide vector pSB890, yielding the recombinant plasmids pSB638 (sprA±aphT ) and pSB639 (sprB±aphT ). Introduction of the mutated genes into wild-type S. typhimurium was carried out by allele replacement as described previously (Kaniga et al., 1994) , resulting in the S. typhimurium strains SB592 and SB586 carrying sprA ::aphT and sprB ::aphT respectively. In order to express sprA and sprB from a heterologous inducible promoter, BsaBI±EcoRI and an EcoRI±PvuII fragments (harbouring sprA and sprB respectively) were retrieved from pSB640 and cloned into the vector pBAD18 (Guzman et al., 1995) in the direction of the Para BAD promoter. To express hilA from a heterologous inducible promoter, a 2.2 kb AvaI fragment carrying hilA and some¯anking sequences was cloned into the vector pBAD18 in the direction of the Para BAD promoter, yielding the plasmid pSB667. To express invF from a heterologous promoter, a polymerase chain reaction (PCR) fragment was generated in order to fuse its predicted ATG start codon to the ATG codon of the expression vector pBAD24 in the direction of the inducible P BAD promoter, yielding the plasmid pSB624. Expression of these transcriptional regulators under the control of the Para BAD promoter was induced with a ®nal concentration of 0.05% arabinose. A speci®c mutation in the predicted second helix± turn±helix domain, a putative DNA binding site, of SprA was constructed by introducing a restriction site mobilization aphT cassette into the NruI site of sprA and subsequent retrieval by Pst I digestion and religation. The resulting sprA * gene had a 24 bp in frame insertion in the putative DNA binding site of SprA, which resulted in the addition of eight amino acids. xylE reporter gene fusions to the different genes examined in this study were constructed as follows. The 957 bp Bgl II fragment of pSB383. which contains the xylE reporter gene. was cloned into unique restriction sites of pSB412 (KasI), pSB759 (PvuII), pSB854 (Aat II±Bst BI), pSB1066 (EcoRV) and pSB648 (SacI), yielding plasmids carrying gene fusions to sipC, sptP, avrA , sopB and hilA respectively. The lacZ reporter gene cassette was inserted into the unique XbaI site of pSB1128 and the EcoRV site of pSB857, resulting in plasmids pSB1147 and pSB1000, which were subsequently introduced into the S. typhimurium chromosome, yielding sopE::lacZ and sitB::lacZ reporter gene fusions. When required, the Klenow fragment of DNA polymerase was used to create blunt ends in the DNA fragments. All other strains carrying non-polar mutations (aphT insertion) or xylE reporter gene fusions in different genes of the S. typhimurium chromosome used in this study and listed in Table 2 were constructed by allelic exchange according to procedures described in other publications from our laboratory (Kaniga et al., 1994) . In all cases, the correct insertions of the aphT or xylE gene were veri®ed by Southern blot analysis (data not shown).
Catechol 2,3 dioxygenase and b-galactosidase assays Unless indicated, bacterial strains were grown overnight in L broth with a ®nal concentration of 0.3 M NaCl for 12±14 h. Cultures were diluted 1:50 in a total volume of 20 ml of the same media and grown for 4 h under low aerating conditions to an approximate OD 600 of 1.0, conditions that are known to result in high expression of invasion-associated genes in SPI-1 (inducing conditions). When indicated, bacterial strains were grown overnight in L broth for 12±14 h. Cultures were diluted 1:50 in a total volume of 20 ml of L broth without NaCl and grown for 4 h under low aerating conditions to an approximate OD 600 of 1.0, conditions that are known to result in low expression of invasion-associated genes in SPI-1 (non-inducing conditions). Cells were lysed by sonication, and the 2,3 dioxygenase activity of bacterial lysates was determined as described elsewhere (Kaniga et al., 1994) . Protein concentration of the different lysates was measured using a BCA kit from Pierce according to the instructions of the manufacturer. The enzymatic activity of b-galactosidase was monitored as described elsewhere (Maniatis et al., 1989) .
Invasion assay
Entry of S. typhimurium strains into cultured Henle-407 cells was assayed in 24-well tissue culture plates as described previously. Brie¯y, bacterial cultures were grown to an OD 600 of 1.0, and tissue culture cells infected with a multiplicity of infection (MOI) of 10. The assay was performed as described previously (Gala Â n and Curtiss, 1989) .
Nucleotide accession number
The nucleotide sequences reported in this study have been deposited in GenBank under the accession number AF 148689.
